INTRODUCTION
Several proteins bear the remarkable mechanical properties such as super-elasticity, high yield-strength, and high fracture toughness. [1] [2] [3] [4] [5] Such remarkable properties of some proteins have attributed to the mechanical functions. For instance, spider silk proteins exhibit the super-elasticity relevant to spider-silk's function. 4, 5 Specifically, the superelasticity of spider silk plays a role on the ability of spider silk to capture a prey such that high extensibility enables the spider silk to convert the kinetic energy of flying prey into the heat dissipation, resulting in the capability of capturing the prey. Furthermore, it has recently been found that spider silk protein possesses the remarkable mechanical properties such as yield strength comparable to that of high-tensile steel and fracture toughness better than that of Kevlar. 6 This highlights that understanding of mechanical behavior of protein materials such as spider silk may provide the key concept for design of biomimetic materials, and that mechanical characterization of protein materials may allow for gaining insight into the biological functions of mechanical proteins.
Mechanical characterization of biological molecules such as proteins has been successfully implemented by using atomic force microscopy (AFM), optical tweezers, or fluorescence method. AFM has been broadly employed for characterization of mechanical bending motion of nanostructures such as suspended nanowires, [7] [8] [9] and biological fibers such as microtubules. 10 Fluorescence method for a cantilevered fibers such as microtubules 11 and/or DNA molecules 12 has allowed one to understand the relationship between persistent length (related to bending rigidity) and contour length, enabling the validation of the continuum model of biomolecules such as microtubule and DNA. In last decade, since the pioneering works by Bustamante and coworkers 13, 14 and Gaub and coworkers, 15, 16 optical tweezer and/or AFM has enabled them to characterize the microscopic mechanical behavior of proteins such as protein unfolding mechanics. Such protein unfolding experiments has been illuminated in that these studies may provide the free energy landscape of proteins related to protein folding mechanism. 17, 18 Nevertheless, microscopic characterization such as protein unfolding mechanics may not be sufficient to understand the remarkable mechanical properties of biological materials.
Computational simulation for mechanical characterization of proteins has been taken into account based on atomistic model such as molecular dynamics 19 and/or coarse-grained model. 20 Atomistic model such as steered molecular dynamics (SMD) simulation has allowed one to gain insight into protein unfolding mechanics.
19,21
However, such SMD simulation has been still computationally limited to small proteins since the time scale available for SMD is not relevant to the time scale for AFM experiments of protein unfolding mechanics. Recently, the coarse-grained model such as Go model has been recently revisited for mimicking the protein unfolding experiments. 20, 22 It is remarkable that such revisited Go model has provided the protein unfolding behavior quantitatively comparable to AFM experiments, and that it has also suggested the role of temperature, AFM cantilever stiffness, and other effects on protein unfolding mechanism. 23 Eom et al 24, 25 provided the coarse-grained model of folded polymer chain molecules for gaining insight into unfolding mechanism with respect to folding topology, and it was shown that folding topology plays a role on the protein unfolding mechanism.
However, the computational simulations aforementioned have been restricted for understanding the microscopic mechanics of protein unfolding. understand the structure-property relationship for protein crystals. The role of molecular structure on the macroscopic mechanical properties for protein crystals has also been discussed. It is provided that, from our simulation, the native topology of protein structure is responsible for mechanical properties of protein crystals.
MODELS

MESOSCOPIC MODEL FOR BIOLOGICAL PROTEIN MATERIALS
We assume that the mechanical response of biological materials (fibers), as shown in We assume that a unit cell is stretched gradually according to the constant, discrete, macroscopic strain tensor Δε 0 , where Δε 0 = 0.001. Here, it is also assumed that the unit cell is stretched slowly enough that the time scale of stretching is much longer than that of thermal motion of a protein structure. This may be regarded as a quasi-equilibrium stretching experiment, where thermal effect and rate effect are discarded. 24, 33 Once a constant, discrete strain tensor Δε 0 is prescribed to a unit cell containing protein crystal, the displacement vector u due to strain Δε 0 for a given position vector r of a protein structure is in the form of
Accordingly, the position vector r * of a protein structure after application of discrete, constant strain tensor to unit cell becomes r * = r + u(r). Then, we perform the energy minimization process based on conjugate gradient method to find the equilibrium position r eq for ensuring the convergence of virial stress, 28, 34 i.e. ∂V/∂r = 0 at r = r eq , where V is the total energy prescribed to protein structure.
For computing the effective material properties of protein crystal, one has to evaluate the overall stress σ 0 for a unit cell to contain protein crystal due to applied constant, discrete strain Δε 0 . The stress σ(r) at a position vector r, which is obtained from application of displacement u(r 0 ) for a given position vector r 0 for a protein crystal and consequently energy minimization process, can be computed from the virial stress theory 35, 36 ( ) ( )
where N is the total number of atoms for a protein crystal in a unit cell, r ij = r j -r i with the position vector of r i for an atom i in a unit cell, Φ(r ij ) the inter-atomic potential for atoms i and j as a function of distance r ij between these two atoms, indicates the tensor product, and δ(x) is the delta impulse function. The overall stress σ ⊗ 0 can be easily estimated.
( ) ( )
Here V is the volume of RVE, and a symbol Ω in the integration indicates the volume integral with respect to RVE.
The process to obtain the stress-strain relationship for protein materials is summarized as below:
We adopt the initial conformation of a protein crystal as the native conformation deposited in protein data bank (PDB) for a given protein crystal in a unit cell. Such initial confirmation for a protein crystal is denoted as r 0 .
(ii) A discrete, constant strain tensor Δε 0 is applied to a unit cell, so that the displacement field u for a protein crystal in a unit cell is given by u(r 0 ) = In general, the stress-strain relationship for protein materials obeys the nonlinear elastic behavior. We employ the tangent modulus as the elastic modulus such that the elastic modulus (Young's modulus) is estimated such as E = ∂σ 0 /∂ε 0 at ε 0 = 0, 37, 38 where ε 0 is the total strain applied to RVE.
INTER-ATOMIC POTENTIALS: GO MODEL & ELASTIC NETWORK MODEL
In last decade, it was shown that protein structures can be represented by C α atoms with an empirical potential provided by Go and coworkers, referred to as Go model. 22, 23, 39 Go model describes the inter-atomic potential for two C α atoms i and j in the form of 
Here, k 1 and k 2 are force constants for harmonic potential and quartic potential, respectively, ψ 0 is the energy parameter for van der Waal's potential, λ is the length scale representing the native contacts, superscript 0 indicates the equilibrium state, and 
Here, K is the force constant for an entropic spring (K = 1 kcal/mol·Å 
RESULTS AND DISCUSSIONS
We take into account the biological materials composed of model protein crystals (shown in Table 1 ) and their mechanical behaviors. The number of residues for model protein crystals ranges from 20 to ~2000, which are typically computationally ineffective for atomistic simulation such as molecular dynamics for mechanical characterization. For mechanical characterization of protein crystals, the constant volumetric strain e is applied to RVE, in which protein crystal resides. For mechanical characterization of protein materials, we restrict our simulation to quasi-equilibrium stretching experiments, 24 where the thermal effect is disregarded.
Thermal effect does also play a role in mechanical behavior of protein materials, since thermal fluctuation at finite temperature assists the bond rupture mechanism, i.e.
thermal unfolding behavior. 23, 48 However, thermal effect does not change the mechanical unfolding pathway related to native topology of protein. 23, 48 Also, the bond rupture force (i.e. a peak force, corresponding to the bond rupture event, in the forceextension curve) as well as force-extension curve are insensitive to temperature change near the room temperature. 23 Moreover, the mechanical behavior of materials is generally dependent on stretching rate. 49 The protein unfolding mechanism depends on the pulling rate such that bond rupture force is determined by stretching rate. 25, 34, 50 However, such stretching rate effect does not affect the unfolding pathway mechanism responsible for mechanical resilience of protein structure. 24, 25 Further, rate effect is generally not a control parameter for AFM bending experiment, which provides the Young's modulus of biological materials such as microtubule. 11 Thus, quasi-equilibrium stretching experiment, which discards the thermal effect and the stretching rate effect, is sufficient to understand the role of folding topology in the mechanical behavior of protein materials as well as their mechanical properties such as Young's modulus.
The relation between hydrostatic stress and strain for biological protein materials made of model protein crystals are taken into account with virial stress theory based on Go potential prescribed to protein crystal structure. Based on the relationship between hydrostatic stress and strain, we compute the Young's modulus for protein materials composed of model protein crystals (for details, see Table 1 ). First, let us consider the tubulin as a model protein crystal and its mechanical properties. Tubulin is renowned as a component for microtubules, which plays a mechanical role in maintaining the cell shape. Our simulation provides that the Young's modulus for biological material consisting of tubulin crystal is E tub = 0.138 GPa, which is comparable to AFM bending experiments of microtubule predicted as E = ~0.1 GPa. 10 It is remarkable that our simulation allows for computation of the material property of microtubule based on the tubulin crystals, which is comparable to AFM experimental results. However, it should be noted that estimated Young's modulus by experiments is very sensitive to experimental environments and/or experimental methods. The Young's modulus of microtubule evaluated as E tub = ~0.1 GPa by using AFM bending experiments 10 is different from that using nondestructive method (E tub = ~2.5 GPa) 51 by an order. Such discrepancy in different experiments may be attributed to the role of fiber length on the persistent length of microtubule related to its bending rigidity (elastic modulus). 11 Also, the other effects such as temperature and solvent may affect the estimation of Young's modulus of biological fibers. 10 Further, for validation of our computational model for biological protein materials consisting of protein crystals, as shown in Fig. 2 10 GPa (e.g. dragline silk). 53 It is also interesting in that our simulation shows that β-sheet exhibits the excellent mechanical resistance such as Young's modulus E and maximum hydrostatic stress, σ max , among model protein crystals. This is in agreement with previous studies 24, 25, 34, 54 which reported that β-sheet structural motif plays a vital role on toughening the biological materials.
For further understanding the role of molecular interactions as well as topology of protein crystal, we employ the elastic network model (ENM) 41, 42 instead of Go potential for computing the virial stress for model protein crystals -α-helix and β-sheet.
Since ENM assumes the harmonic potential field to protein structure, the simulation based on ENM predicts the piecewise linear elastic behavior of two model protein crystals. As shown in Fig. 3 , the ENM-based simulation overestimates the Young's modulus of two model protein crystals, which may be attributed to the harmonic potential field prescribed to protein structure. This indicates that, for precise quantification of material properties of protein crystal, anharmonic potential field (e.g.
Go potential) is necessary. However, it is remarkable that even ENM-based mesoscopic model provides the mechanical resistance of two model protein crystals, qualitatively comparable to our model based on Go potential. Specifically, mesoscopic model based on both ENM and Go model (Go potential) provide that β-sheet possesses the higher Young's modulus than α-helix by factor of ~2. This implies that the material property such as Young's modulus for biological protein material may be correlated with native topology of protein crystal. Moreover, we also consider the fibronectin III (fn3) domains with different crystal structures for understanding the role of protein topology on the material property. As shown in Table 1 , our mesoscopic model provides that fn3 domain with a space group of P4 3 2 1 2 exhibits the higher Young's modulus than those of space groups such as P2 1 and/or I2 2 2. This indicates that the topology of crystal structure dictated by space group does also play a role on Young's modulus of protein materials.
In order to gain insight into the role of native topology on the mechanical properties of biological protein materials, we introduce the dimensionless quantity Q representing the degree of folding topology of proteins. For a protein with N residues, the degree-of-fold, Q, is defined as Q = N c /(N(N -1)/2), where N c is the number of native contacts and N(N -1)/2 is the maximum possible number of native contacts.
Here, the native contact is defined in such a way that, if two residues are within a cutoff distance (7.5 Å), then these two residues are in the native contact. The degree-offold (Q) is almost identical to contact-order (CO), which is typically used to represent the native topology of proteins (see Fig. 4 ). Herein, the contact-order is defined such
where L is the total number of residues, N c is the total number of native contacts, and ΔS ij is the sequence separation, in residues, between contacting residues i and j. In Fig. 5 , it is shown that the degree-of-fold, Q, is highly correlated with Young's modulus, implying the role of contact-order on the Young's modulus for protein materials.
Specifically, α-helix and β-sheet exhibit the high degree-of-fold, Q, as well as high This may be ascribed to the fact that titin Ig domain and TTR are known as mechanical proteins which performs the excellent mechanical role due to hydrogen bonding of β-sheet structural motif. This indicates that hydrogen bonding of β-sheet motif plays a significant role in mechanical properties of biological protein materials. Moreover, we also consider the relationship between degree-of-fold, Q, and maximum hydrostatic stress, σ max . As shown in Fig. 6 , β-sheet possesses the high degree-of-fold, Q, as well as high maximum stress, σ max , while α-helix exhibits the relatively high degree-of-fold, Q, but low maximum stress, σ max . This may be attributed to the fact that α-helix behaves like a nonlinear helical spring, whereas β-sheet acts like a spring with breakage of hydrogen bonds. In general, the mechanical strength of protein materials is typically originated from the unfolding of folded domain induced by breakage of hydrogen bond. 24, 34, 54 This is consistent with our simulation results showing that titin Ig domain and TTR have the relatively high maximum stress, σ max , albeit these protein materials have the low degree-of-fold, Q. In other words, the high maximum stress for titin Ig domain and TTR is originated from the β-sheet structural motif that undergoes the bond-breakage upon mechanical loading. This indicates that the β-sheet, which has the high degree-of-fold, Q, is responsible for high yield stress of biological protein materials through breakage of hydrogen bond of β-sheet structural motif.
For deeper understanding the role of native topology on the elastic resilience of protein materials, let us consider the polymer chain with hydrogen bonds that can be unfolded in response to external mechanical loading (see Fig. 7 ). Here, we take into pulled with a loading F and a loading rate μ. For this case, the force exerted on every bond is identical such as f = F for every bond. The probability for every bond in serial configuration to be intact under the mechanical loading F is in the form of
The probability density ρ(F) to find the first fracture event of any single bond under the mechanical loading F is given by ρ(F) = -dP/dF. The most probable mechanical loading, F m , for the first fracture event is obtained from dρ/dF = 0 such as
This indicates that, for a serial bond, the force at fracture event of a bond has the weak, logarithmic dependence on number of serial bonds. On the other hand, for the case (ii)
where parallel bonds reside in the polymer chain, the force exerted for each bond in parallel configuration is given by f = F/N B B . The probability to withstand the force F for every bond in parallel is given as
In the similar argument to case (i), the most probable mechanical force, 
